Abstract. This paper aims at gun erosion under the condition of periodic thermal shock during firing. Firstly, the mathematical model with two-dimensional heat conduction for gun barrel was established. Secondly, finite difference equations of internal nodes were derived by using ADI (Alternating-Difference-Implicit) scheme, and the finite difference schemes of internal and external nodes under convective boundary conditions were obtained by using energy balance method. Thirdly, gun barrel's temperature distribution was calculated numerically by FORTRAN programming based on the numerical results of interior ballistics with quasi-two-phase flow. Finally, the measurement experiment on gun barrel's transient temperature field was carried out, and the numerical simulation results show excellent agreement with the experimental results. This research has great importance for the further studies of gun barrel erosion mechanism.
Introduction
The internal bore of gun barrel experiences periodic heating and cooling during successive firing, and this repeated cycles of strong transient thermal shock result directly in gun barrel erosion and wear. Research has shown that the internal bore erosion is the result of the combined effects of thermal impact, chemical reaction, and mechanical friction, and the thermal factor plays a primary role [1] [2] [3] [4] . Heating of gun barrel will cause several negative influences, such as erosion of gun bore, limitation of firing rate, decrease of firing accuracy, and the presence of thermal stress in gun barrel. Therefore, research of heat transfer in gun barrel is of great significance.
The temperature variation regularity with time and space of gun barrel is calculated by programming in this paper, which based on the numerical results of interior ballistics with quasi-two-phase flow and applied ADI scheme. The research provides theoretical basis for comprehending the erosion mechanism of gun bore more clearly, and also has important reference value for structure design, service life design and the model of erosion prediction of gun bore.
Mathematical Model for Two Dimensional Heat Conduction

Governing Equation
Heat conduction in gun barrel is a three dimensional unsteady process. In this paper the heat conduction is approximated as a two-dimensional axisymmetric unsteady process by assuming the gun barrel to be a circular tube with equal cross section, and ignoring other parts on the barrel. Then a two-dimensional heat conduction equation in a cylindrical coordinates is established as:
Where T is temperature of gun barrel, α is the thermal diffusivity of gun tube material, r is the distance between the node in the tube and the tube axis line, and x is the distance of any cross-section from the bottom of barrel.
Deterministic Conditions of Solution (1) Initial conditions
The first round:
where 0 T is ambient temperature, ( ) f r is the temperature in radial distribution of gun tube caused by fired projectiles.
(2) Boundary conditions Internal boundary:
where λ is the thermal conduction coefficient of gun barrel, g T is the temperature of propellant gas obtained from interior ballistic solution, 1 h is the convective heat transfer coefficient between propellant gas and the inside wall of gun barrel, 2 h is the convective heat transfer coefficient between ambient gas and the outside wall of gun barrel, 0 r is the internal radius of gun barrel, and R represents the external radius of gun barrel.
Convective Heat Transfer Coefficient
A compressible turbulent boundary layer model with pressure gradient was adopted to deal with the convective heat transfer coefficient between propellant gas and the inside wall of gun barrel. The flowing of propellant gas in gun barrel belongs to forced convection, which ignores the radiation heat transfer as the barrel belongs to closure space in the period of interior ballistic and aftereffect. The gun barrel will exhaust all the propellant gas and filled with air of ambient temperature at the moment of the end of the aftereffect period. Then in the following cooling period, natural convection heat transfer proceeds in gun barrel.
In all the three periods mentioned above, the compound heat transfer of natural convection heat transfer and radiation heat transfer is regarded as the heat transfer form between the outside wall and the ambient gas. The detail formula is not repeated here in the limited pages.
Numerical Simulation Method of Gun Barrel Heat Transfer
Discretization of Governing Equations
The ADI scheme [5] conducts implicit finite difference alternately between the directions r and x , which is unconditionally stabile. The discrete process of any internal point ( , ) i j is as follows: The first step: conducting central implicit finite difference in the direction of r with ( ) (4) can also be expressed as: 
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The second step: conducting central implicit finite difference in the direction of x with time interval.
( ) (7) can also be expressed as:
Discretization of Boundary Conditions shows schematic diagram of the boundary nodes. The discrete scheme of both internal and external boundary condition can be obtained by the energy balance methods [5] : The internal boundary condition: 
Experimental Verification of the Simulation Model
To verify the accuracy of the analysis model and the numerical simulation results in this paper, some 7.62mm caliber automatic rifle has been tested. In the test, temperature of the barrel outside wall after 10 rounds has been measured by thermal infrared imager, Both temperature rising and cooling periods are included in the test duration. Figure 2 shows the temperature distributions of the barrel outside wall at some moment during firing, Figure 3 shows the simulation result and test result of temperature variation with time at a certain observation point in the barrel outside wall under the working condition mentioned above. Temperature rising rate of simulation is lower than that of test in Figure 3 through the comparison of simulation and test result. This is mainly because of assuming gun barrel as a circle tube with equal cross section and the selected cross section is thicker than actual. However, the simulation results accord well with test results both in temperature variation and peak temperature, which proves the reliability of the simulation model.
Analysis of Simulation Results
Numerical simulation of the barrel temperature field has been calculated for some 7.62mm caliber automatic rifle with both single shot and 10 successive firing situations (600 r/min firing rate). The position that has peak wall temperature has been selected when analyzing the temperature distribution of a certain axial cross section which corresponds to point H as shown in Fig. 4 , and this cross section is called H cross section. The temperature shown in the following figures is the temperature of this cross section unless specially indicated.
The temperature profiles of gun barrel with single shot are shown in Figure 4～Figure 7. As shown in Figure 4 . the temperature of inside wall will rise rapidly to peak value and then decrease gradually from the breech to the projectile base while firing. And the peak temperature all appears at the position inside the chamber and close to the breech at any moment. Fig. 5 shows the temperature-time profile of different axial positions, that the actual flow condition is laminar flow due to quite slow flow speed at the initial phase of interior ballistic. And the smaller laminar flow heat transfer coefficient leads to little heat transfer from boundary layer to wall, which finally results in slower temperature rising.
However the internal bore flow will soon turns into strong turbulent flow along with the rising of flow speed. Following with the wall temperature rising rapidly to peak value due to higher heat transfer from propellant gas to the inside wall. After reaching the peak, the wall temperature will decrease gradually on account of heat transfer enhancement inside the gun barrel. Figure 6 . shows the temperature-radial profile of H cross section at different moments. Considering that it takes extremely short time to fire a single shot, there is very limited heat transfer from propellant gas to the barrel. Moreover, the radial propagation thickness is less than 1 mm and only the nodes which close to the internal surface have relatively big temperature gradient, due to lack of enough time for the heat to spread deeply into the barrel. As a result there is little temperature change of the external surface. It's obvious that the temperature variation of gun barrel inside wall approximates some pulse type change with about 350℃ temperature amplitude. During the whole progress, the internal surface suffers cycled heating and cooling. However, the temperature presents a rising trend with the increase of rounds. Under recycled thermal shock, crack can easily appear and propagate in the internal bore, which will lead to abscission in material of the internal bore and erosion of gun barrel. . illustrates the inside wall temperature variation of H cross section at different radial positions during 10 rounds. The temperature variation of nodes close to internal bore presents different degrees of pulse change. The farther the nodes from the inside wall, the less the pulse amplitude and the weaker the temperature sensibility will be, even no pulse and a stable rising trend occur. Figure 10 . shows the radial temperature distribution of cross section H at two typical moments with different rounds. There is large temperature difference between the inside and outside wall at the end of the interior ballistic period with corresponding rounds. By the end of natural cooling and the coming of next firing, the temperature of inside wall have already decayed rapidly and the temperature difference between the inside and outside wall decreased gradually.
With the increase of fired rounds, the heat spreads constantly in the barrel and the temperature of every radial position will rise more or less.
Summary
The heat transfer of a 7.62 mm gun barrel during successive firing has been in-depth analyzed. Based on the analysis, the following conclusions are reached:
(1)The temperature peak of internal bore can reach 350℃ by single shot, and the spread thickness of gun barrel temperature in radial direction can reach about 1mm. Therefore, the heat conduction model of gun barrel for single shot can be simplified as a semi infinite plate on account of large temperature gradient of the nodes close to inside wall and little temperature change of outside wall.
(2)The peak temperature of internal bore can reach 400℃ after 10 rounds, which will decrease to 140℃ instantly and then decay slowly.
(3)The closer the internal surface is, the higher the temperature and the greater the temperature fluctuation will be during interior ballistic and aftereffect period. There is very obvious temperature pulse fluctuation of inside wall due to its direct contact with the propellant gas. During cooling period, the radial temperature gradient of gun barrel is quite small and getting smaller and smaller. The closer to the external surface, the later the peak temperature occurs.
(4)There is large temperature difference between the inside and outside wall at the end of the interior ballistic period with corresponding rounds. By the end of the natural cooling and the coming of next firing, the temperature of inside wall has rapidly decayed and the temperature difference between the inside and outside wall also decreased gradually. By the increase of fired rounds, the heat spreads constantly in the barrel and the temperature of every radial position will rise more or less.
